Mankind has witnessed a dramatically growing challenge regarding water pollution during the past decades.
Introduction
There has been a major global challenge to purify sewage water since it contains organic pollutants, heavy metals and pathogens.
1 Even an extremely low concentration of 1.0 mg L À1 dye can contaminate drinking water and make it unavailable for human beings. 2 Moreover, most dyes are stable to photodegradation, bio-degradation and oxidizing agents. 3 Similarly, heavy metal ions like Cr(VI), Cu(II) and Pb(II) at high dosage are poisonous and carcinogenic. 4, 5 At present, several physicochemical and biological methods have been applied to mediate water pollution, including otation, 6-8 membrane separation, 9,10 adsorption, 11-13 chemical precipitation, 14, 15 electrodialysis, 16 photocatalytic degradation, [17] [18] [19] [20] and so on. Among these techniques, the adsorption process is one of the most popular methods for the removal of trace amounts of organic and inorganic pollutants from sewage due to its advantages of convenience, high removal efficiency and low cost. High-efficient adsorbent is one of the research focuses to resolve wastewater problem. Several types of materials have been investigated as adsorbents to adsorb dyes and metal ions from wastewater, including activated carbon, montmorillonite (MMT), chitosan, clay mineral, chitosan, graphene oxide (GO), reduce graphene oxide (rGO), and their composites.
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Although these materials have shown excellent adsorption properties, their activity is limited in killing or inhibiting pathogens. Therefore, it has drawn intensive attention to develop adsorption material that shows antimicrobial activity for water purication. rGO, a new carbon-based material, exhibits excellent performances like high surface area, strong mechanical strength and rich surface chemistry, so it has received increasing attention. 25 Among various rGO materials, rGO aerogel is three-dimensional (3D) porous network (held together by p-p interaction and hydrogen bonding) with large specic surface area, low density and plentiful interpenetrating pore structure. Hence, it is used in the removal of oil and other organic solvents in water, which is economical and efficient.
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For example, Guo et al. prepared chitosan-graphene oxide aerogel whose adsorption capacity of oil is 900 g g À1 , so it can be used to treat the industrial oil leakage or effluent in the natural water. 28 MMT is one type of layered silicate, and it has attracted extensive attention due to its abundance in various industries and low cost. 29 In view of it, it would be signicant to synthesize an rGO and MMT complex to resolve wastewater problem.
In this work, we synthesized a three-dimensional reduced graphene oxide and montmorillonite composite (rGO-MMT) aerogel with multi-component adsorption capacity and antibacterial activity. More importantly, the three-dimensional aerogel could sustain its initial structure aer vigorous shaking when it was reused. Therefore, the three-dimensional rGO-MMT aerogel was a potential candidate as efficient adsorbent in water purication.
Experimental
Synthesis of rGO-MMT aerogel GO originated from graphite powder was synthesized using a modied Hummers method. 30, 31 The rGO-MMT aerogel was obtained by sol-gel method. Briey, GO powder (30 mg) and ascorbic acid (30-45 mg) were added into 10 mL of ultrapure water (>18 MU). Meanwhile, 4 mL of MMT aqueous solution with the content ranging from 2 wt% to 6 wt% was added in order to optimize the concentration. Aer ultrasonic treatment for 0.5 h, the mixed solution was transferred into a 25 mL glass bottle with cover and heated at 95 C for 6 h (for antibacterial experiment, 1 mol of dodecyl dimethyl benzyl ammonium chloride (1227) was added to the mixed solution). Then, rGO-MMT hydrogel and 1227-loaded rGO-MMT hydrogel were immersed into 6 mg mL À1 polyvinyl alcohol (PVA) aqueous solution for 2 days. Finally, the hydrogel was washed with ultrapure water for several times, and then fully freeze-dried at À55 C for 12 h to acquire rGO-MMT aerogel and rGO-MMT-1227 aerogel.
Characterizations X-ray diffraction (XRD) patterns were obtained using X-ray analyzer (MSAL-XD2) with a Cu Ka radiation source (l ¼ 1.5405 A) at a voltage of 48 kV and a current of 30 mA. Characterization was performed under the 2q range of 5.0-80.0 at a scanning rate of 2 min À1 . Fourier transform infrared (FT-IR) spectra were recorded using a Nicolet 6700 spectrometer. The UV-vis spectra were measured by a Hitachi 330 UV-vis spectrophotometer. Transmission electron microscopy (TEM) images and the corresponding mappings were obtained by using Philips TECNAL-10 transmission electron microscope. Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDX) patterns were performed on a eld emission-scanning electron microscope (PHILIPS XL-30 ESEM, Netherlands). The surface area and porosity of aerogel were measured by ASAP-2010 and calculated with BrunnerEmmett-Teller (BET) method. The heavy metal content of the aqueous solution was determined by inductively coupled plasma (ICP) (Optima 2000DV).
Adsorption investigation
Removal of dye. First, stock solutions (100 mg L
À1
) of methyl orange (MO) and methylene blue (MB) were prepared by dissolving prescribed amounts of MO and MB with ultrapure water. The mixed aqueous solution of MB and MO, where the concentration of MO aqueous solution was xed at 50 mg L À1 and the concentration of MB aqueous solution ranged from 5 to 50 mg L À1 , was prepared by diluting the stock solution. Then, the rGO-MMT aerogel was put into the conical ask containing the mixed aqueous solution, and the conical ask was kept into the shaker at 150 rpm and room temperature. 4 mL of suspension was collected at predetermined time interval for the analysis of residual dye concentration in the aqueous solution. The concentration of dye was determined with an UV-vis spectrophotometer.
Removal of heavy metal ion. The effect of initial concentration on the evaluation of the adsorption capacity was investigated by using Cr(VI) solution prepared from the standard stock solution (100 mg L À1 ). The effect of pH value on the adsorption capacity was also investigated in the range from 2 to 11. The pH was adjusted by using 0.1 mol L À1 sodium hydroxide (NaOH) or hydrochloric acid (HCl) solution. Temperature was dominated in order to get the optimized adsorption. Cr(VI), Cu(II) and Pb(II) solutions were added together for the evaluation of the competitive adsorption of rGO-MMT aerogel. The concentration of heavy metal ion was determined with ICP. Antibacterial activity. The antibacterial activity was evaluated on Gram-positive bacteria Staphylococcus aureus (S. aureus) and Gram-negative bacteria Escherichia coli (E. coli). First, the E. coli and S. aureus cells were cultured. Second, rGO-MMT, rGO-MMT-1227 and pure 1227 were added into a tube and then mixed into 10 5 cfu mL À1 E. coli or S. aureus with 0.85% saline.
Then, all samples were immersed into bacteria at 37 C in an orbital shaker for 24 h. Aerwards, immersed suspensions were inoculated to the medium of nutrient agar in incubator at 37 C for 24 h. Finally, the antibacterial activity was evaluated by the reduction percentage of microorganism (R%).
where A (cfu mL À1 ) and B (cfu mL À1 ) stood for the untreated sample and the treated sample, respectively, measured at the indicated contact time.
Results and discussion

Characterization of aerogel
According to the digital photos of rGO-MMT aerogel ( Fig. 1a and b), it was obviously that the volume of rGO-MMT aerogel was larger than that of rGO aerogel. The compressive strength of rGO-MMT aerogel was examined as shown in Fig. 1c . Fig. 1d depicted a digital image of kapok with rGO-MMT aerogel was placed on the top. The insignicant deformation of kapok indicated the low density of the rGO-MMT aerogel. XRD patterns of GO, rGO, MMT and rGO-MMT aerogel were shown in Fig. 2a . For GO, a diffraction peak at 2q ¼ 10. 30 was observed, and the calculated interlayer spacing was 0.87 nm, corresponding to the (001) plane. Meanwhile, a new broad diffraction peak at 2q ¼ 24.9 was observed for the reduced GO, revealing the successful formation of rGO. For MMT, a welldened diffraction peak at 2q ¼ 6.12 appeared, which indicated the formation of a calcium montmorillonite. 32 The diffraction pattern of rGO-MMT aerogel contained the diffraction peaks of both rGO and MMT, indicating the successful incorporation of MMT into rGO. FT-IR spectra of GO, rGO, MMT and rGO-MMT aerogel were shown in Fig. 2b The N 2 adsorption-desorption isotherms of rGO, rGO-MMT-0.02, rGO-MMT-0.04 and rGO-MMT-0.06 aerogels (Fig. S1 †) exhibited type IV isotherms, according to the IUPAC classica-tion. 33 According to the Table S1 and Fig. S2 † the application of 0.04 wt% MMT was benecial for the dispersion of rGO and the enhanced adsorption capability. Thus, rGO-MMT-0.04 was selected in subsequent experiments.
According to the SEM and TEM images ( Fig. 3 and 4) , there were many apparent wrinkles on the surface of rGO due to the scrolled rGO sheets. Fig. 3b, c, 4d and 3e showed that the surface of rGO-MMT aerogel was quite loose with large pore compared to rGO aerogel. The EDX (Fig. 3f) and mapping (Fig. 4d) results of rGO-MMT aerogel suggested the existence of C, O, Mg, Al, Si and Ca elements. According to the nominal existence of Mg, Al, Si and Ca elements, it could be inferred that the small particles on rGO-MMT aerogel were MMT. 32 
Adsorption experiments
Adsorption of dye. The adsorption experiment of MO was performed at room temperature without adjusting pH. rGO-MMT aerogel was added to 200 mL of MO solutions with different concentrations ranging from 5 to 50 mg L À1 . Fig. 5a showed the removal of MO with different contact time. The results indicated that there was a rapid uptake within the rst 20 min and then the trend became smooth. This phenomenon indicated that the surface of adsorbent was gradually blocked by dye molecules during the adsorption process, and then the surface was completely covered aer certain time. 34 The adsorption curves showed that rGO-MMT rapidly adsorbed MO at the concentration of 50 mg L high temperature promoted the diffusion rate of dye molecule, which inuenced the selective adsorption of MB. However, high temperature operation would increase the cost. Thus, temperature of 40 C was adopted for the following experiments. The pH in the solution might inuence dye adsorption by changing the surface charge of the adsorbent and also the distribution of the dye in solution phase. 35 Fig. 5c showed the maximum selective adsorption capacity of MB from the mixed aqueous solution by rGO-MMT aerogel at pH ¼ 8. The selective adsorption capacity of MB from mixed aqueous solution by rGO-MMT aerogel increased with increasing pH when pH < 8, while the selective adsorption capacity of MB decreased with increasing pH from 8 to 11. Hydroxyl ions increased, and negative charges of hydroxyl ions competed with negative charges of rGO-MMT aerogel about MB. While we analyzed residual dye concentration in the aqueous solution. There were little MB combined by hydroxyl ions in aqueous solution, so the selective adsorption capacity of MB decreased. The adsorption curves showed that rGO-MMT largely adsorbed MO at the concentration of 50 mg L À1 (Fig. 5d) . Thus, temperature of 40 C, 4 h, pH ¼ 8 and the concentration of 50 mg L À1 were selected in subsequent experiments. Fig. 5e presented the comparison of MB selective removal rate by rGO-MMT aerogel, pristine MMT powder and rGO aerogel. rGO-MMT showed the highest removal rate of MB compared with rGO and MMT. rGO showed negligible removal rate of MB, while the removal rate of MB on MMT was 95.12%. It was difficult to recollection for suspended MMT powder in solution. From Fig. 5f , aer four adsorption/desorption cycles, it was observed that in the rst cycle the selective removal rate of MB onto the rGO-MMT aerogel was 97.31% at 40 C and pH ¼ 8. Moreover, aer four absorption/desorption cycles the removal rate still remains at 95.87%, which just reduced 1.44% compared with that of the rst cycle. Remarkably, aer four times cycles, the aerogels could still maintain their 3D structure. This showed that aerogel could be an environmental, highefficient adsorbent for selective removing MB. In this study, Langmuir (1) and Freundlich isothermal models (2) were used to understand the thermodynamics of selective adsorption of MB.
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where K L (L mg À1 ) was the Langmuir adsorption isotherm constant related to the adsorption energy; K F (mg g À1 ) and 1/n were Freundlich constants related to the capacity and intensity of adsorption; C e (mg L À1 ) was the equilibrium value.
Kinetics analysis was deployed for a better understanding of the selective adsorption process. The pseudo-rst-order and pseudo-second-order equations were further used to model the kinetics data using a linear tting. 36, 37 The models were expressed in eqn (3) and (4):
where k 1 and k 2 were the pseudo-rst-order and the pseudosecond-order rate constants; Q e was the amount of MB adsorbed at equilibrium (mg g À1 ); Q t (mg g À1 ) was the amount of the selective adsorption varying with time.
The tted parameters in Langmuir and Freundlich models for selective adsorption were shown in Table 1 . By comparing the R 2 values of both models, Langmuir model was better to describe the selective adsorption onto the rGO-MMT aerogel than Freundlich model, suggesting the monolayer or homogeneous adsorption for MB.
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The kinetics data of the adsorbent were tted to the pseudorst and second-order model, as shown in Fig. 6 . The calculated kinetics parameters from two models were listed in Table 2 . In Fig. 6a and b, the pseudo-second-order model displayed a good Pseudo-rst-order Pseudo-second-order Table 1 Langmuir and Freundlich isotherm parameters and correlation coefficients for the selective adsorption of MB onto rGO-MMT t with the selective adsorption of MB on rGO-MMT aerogel, while the pseudo-rst-order model did not t well, suggesting that the selective adsorption process might be based on chemisorption, involving valence force via sharing or exchanging electron between adsorbent and adsorbate. 38 As known, the abundant functional groups were located in rGO-MMT aerogel, such as hydroxy groups, epoxide groups and carboxylic groups. Accordingly, MB could be adsorbed via interaction between MB molecule and these functional groups of rGO in the rGO-MMT aerogel.
Adsorption of heavy metal ion. We had shown that the rGO-MMT aerogel had the ability to adsorb organic pollutants. In this part, the possibility of removing heavy metal ion from waste water was investigated. Fig. 7a showed the effects of initial concentration and contact time on the removal rate. It was evident that the adsorption of heavy metal ion on the aerogel increased gradually with increasing contact time. Therefore, we selected the contact time of 4 h in this work. Totally, a low concentration of Cr(VI) was benecial for improving removal rate. Fig. 7b showed that the adsorption capacities of Cr(VI) were 52.64%, 92.05%, 94.87%, 85.60% and 85.06% for rGO-MMT aerogel at 0 C, 20 C, room temperature (35 C), 40 C and 60 C, respectively.
The pH of the initial solution determined the charge on the surface of adsorbent and the degree of ionization and speciation of the metal ion. 39 The effect of pH on the adsorption of Cr(VI) was evaluated by changing the initial pH from 2 to 11. According to Fig. 7c and d , maximum removal rate of metal ion could be observed at pH ¼ 6. , and Cr(OH) 3 was formed. Therefore, the removal rate increased slightly when pH ranged from 8 to 11. In contrast, heavy metal ions were adsorbed due to the electrostatic adsorption at low pH. Compared with sole rGO and MMT, the effectiveness of rGO-MMT might be ascribed to a relatively large surface area, high pore volume and loose structure. We thus proposed that the synergy between rGO and MMT contributed to the enhancement of the removal rate of Cr(VI).
The adsorption of Cr(VI) was performed at pH ¼ 6, 4 h and room temperature, and desorption with NaOH solution at pH ¼ 13, 12 h, room temperature to evaluate the regenerate of rGO-MMT. As shown in Fig. 7f . It had no obvious decrement aer four recycles, suggesting the good removal stability of the aerogel. In conclusion, our results had demonstrated that environment-friendly rGO-MMT aerogel was a robust and efficient adsorbent.
To evaluate the multiple adsorption of rGO-MMT for heavy metal ions, 10 Fig. S3 † it was evident that rGO-MMT could not only adsorb Cr(VI), but also adsorb Cu(II) and Pb(II). Adsorption isotherms were important for analyzing the adsorption mechanism. The Langmuir and Freundlich models were employed to derive possible mechanism. 36, 37 As shown in Table 3 , it was easy to nd that the tting degree (R To analyze the kinetics of Cr(VI) adsorption onto rGO-MMT aerogel, the pseudo-rst-order and pseudo-second-order models were applied at different initial concentrations of Cr(VI). According to Fig. 8 and Table 4 , the correlation factors of the pseudosecond order model of all initial Cr(VI) concentrations were higher than those of the pseudo-rst order model. In addition, the calculated Q e values were well in accord with the experiments. Thus, the adsorption process of Cr(VI) onto rGO-MMT aerogel followed the pseudo-second order model, suggesting the rate limiting step was the chemisorption involving the valence force.
Antibacterial activity. The antibacterial activities (Fig. 9) were tested against S. aureus and E. coli bacteria, which were generally considered as standard test strains for Gram-positive and Gram-negative bacteria, respectively. 41 Antibacterial properties of rGO-MMT, rGO-MMT-1227 and pure 1227 were quantitatively evaluated by counting the antibacterial ratios of bacteria colonies before and aer incubation for 24 h at 37 C. The anti-E. coli ratios treated with rGO-MMT, rGO-MMT-1227 and pure 1227 reached 53.75%, 80.18%, 91.57% and 98.25%, and the counterparts were 63.39%, 91.51%, 95.53% and 99.78%. The anti-E. coli and anti-S. aureus ratios of rGO-MMT were only 53.75% and 63.39%, which obviously increased when 1227 was Fig. 8 Pseudo-first-order and pseudo-second-order equations in the modeling of Cr(VI) removal kinetics. added, suggesting that rGO-MMT could be applied as carrier to reduce the dosage of antibacterial agent.
Conclusions
MMT had been successfully embedded in layer of rGO, which was demonstrated by various characterizations. The prepared rGO-MMT had shown a porous structure and large specic surface area compared to sole rGO. According to adsorption studies, the Langmuir isotherm model and the pseudo-secondorder kinetics model could be applied to explain the adsorption mechanisms of dyes and heavy metal ions. We had proposed that the monolayer or homogeneous adsorption was dominant, and the chemisorption involving valence force was the rate limiting step. Moreover, the maximum selective adsorption capacity of MB from the mixed aqueous solution was 227.27 mg g À1 and the adsorption capacity of Cr(VI) was 77.52 mg g À1 . In addition, the antibacterial ratios of rGO-MMT-1227 reached 91.57% and 95.53% for E. coli and S. aureus. The prepared rGO-MMT aerogel could be served as an efficient and robust material with multiple functions to handle dyes, heavy metal ions and pathogens. Therefore, the rGO-MMT aerogel was promising for water purication.
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